Energy spectrum of the pseudospin-electron model is investigated in the alloy analogy approximation within the framework of the dynamical mean field theory (DMFT). The case of two near Hubbard-like electron subbands, which determine the location of chemical potential at a certain set of model parameter values, is considered. The conditions of gap appearance in the spectrum are established. The effect of the asymmetry field h and tunneling-like splitting of levels in the local anharmonic well on the critical value U crit of the on-site Hubbard interaction constant is investigated.
Introduction
Pseudospin-electron model (PEM) is one of the models that are used in the physics of stronglycorrelated electron systems in recent years. The application of the model to high-temperature superconductors allows us, for example, to describe the thermodynamics of anharmonic oxygen ion subsystem and explain the occurrence of inhomogeneous states and the bistability phenomena (see in [1] ). In this model we take into consideration the dynamics of locally anharmonic structural elements (using pseudospin variables to describe them), the interaction between pseudospins and electrons and the asymmetry of local anharmonic potential wells. The electron subsystem is described by the Hubbard Hamiltonian.
It is simple to solve PEM in the case of zero electron transfer or without Coulomb interaction. When W U and U W (where U is the Coulomb potential of single-site electron interaction, and W is the bandwidth) the consideration can be based on the perturbation theory. If U ∼ W , the perturbation approach cannot be used, and dynamical mean-field theory (DMFT) [2] [3] [4] is the most successful. In DMFT method the Hamiltonian with strong correlations is taken in the infinite space dimension (d → ∞) limit; this leads to reformulation of the problem and transition to the solution of the single-site problem described by effective Hamiltonian. Only for the simplest cases such as mobile particles in the Falicov-Kimball model one can solve this problem analytically. There are also some approximate analytical approaches, such as: Hubbard-I, Hubbard-III, alloy analogy (AA), modified alloy analogy (MAA) etc., see [5] .
The alloy analogy approximation for the single-site problem is used for pseudo-spin-electron model in this article. Our task is to study electron spectrum and find the conditions of the gap appearance. The previous consideration of this problem in the Hubbard-I approximation [6] revealed complicated structure of the spectrum and the presence of a certain number of subbands (their appearance is caused by the correlational splitting due to Coulomb correlation U and interaction g of electrons with pseudospins). Contrary to this approach, when subbands are always energetically separated at the arbitrary U and g values, an AA approximation allows us to describe transitions with the joining of some subband and the disappearance of the gap. We consider this question based on two subbands which are close to each other at certain values of the asymmetry field h, the chemical potential of electrons being placed in the region of these subbands.
Hamiltonian of the model
The Hamiltonian of pseudospin-electron model is:
where in the single-site part of the Hamiltonian U is Coulomb repulsion, Ω is the tunneling-like level splitting, g is the pseudospin-electron interaction and h is asymmetry of the local anharmonic potential:
This Hamiltonian is diagonal in the case Ω = 0, but if the tunneling splitting is non-zero we have to use transformation [6] R R = cos φ r sin φ r − sin φ r cos φ r r r (6) to diagonalize it. Here
In this way we have
After transformation (6) the operators of the electron creation and annihilation can be written using the X-operators as follows:
where X mn i = |m n| and:
Dynamical mean field theory
The transition to the d = ∞ in the DMFT approach is accompanied by scaling the electron transfer parameter:
In particular, the self-energy part of the electron Green's function becomes purely local [3, 4] :
The Fourier-transform Σ ij,σ (ω) is hence momentum-independent:
The electron Green's function in (k, ω) representation
can be expressed as:
where Ξ σ (ω) is the irreducible part (in the diagrammatic representation) according to Larkin. To calculate the Ξ σ (ω) function the effective single-site problem is used. The transition to this problem corresponds to the replacement [8] :
where
and J σ (τ − τ ) -is an effective time-dependant field (coherent potential) which is self-consistently determined from the condition that the same self-energy part Ξ σ (ω) determines the lattice function G σ k (ω) as well as the Green's function G (a)
σ (ω) of the effective single-site problem:
In this case:
The set of simultaneous equations (15), (18), (19) becomes closed when it is supplemented with the functional dependence
which is obtained as the result of solving the effective single-site problem with the statistical operator exp(−βH eff ).
The equations of motion for the Green's functions
Let us reformulate a single-site problem explicitly introducing an effective Hamiltonian
H 0 is the single-site part of the Hamiltonian (8) in the X-operator representation. Here the electron hopping from a given site to the effective medium is taken into account. The Hamiltonian of the effective medium H ξ is unknown, but the Green's function
for auxiliary fermions is considered as the given function which must be determined self-consistently. It was shown [9] that
and the relation 2πV
takes place in this case. In our case we have the following Hamiltonian which we use in order to find the Green's function G 
The problem is described in terms of auxiliary Fermi-field ξ, ξ + ; the operators a ↑ , a ↓ are expressed in terms of the X-operators according to (10) . In this case the required functions G (a)
We have to calculate the Green's functions
σ (ω), and for this purpose we write the equations of motion for X-operators. For example, for X 14 operator we have
Similar commutators had to be written for all the other X-operators from (26, 27). As a result, we get, for example, the following equation for X 14 |X 41 ω function using the relation (28)
Let us separate in Green's functions of higher order the irreducible parts using the method developed in [10, 11] . We express derivatives i d dt X pq (t) as sums of regular (projected on the subspace formed by the Fermi-type operators X pq ) and irregular parts. The latter ones describe an inelastic quasiparticle scattering. Now, one can write down the (28) commutator as:
Operators Z pq are defined as orthogonal to operators from the basic subspace:
These equations determine the coefficients α mn i . For these latter we have the following set of equations:
with Φ 14 vector, whose elements are averages of the products of the X-and ξ-operators.
In the same way one can determine the coefficients α 14 operator can be written after projecting onto the basic X-operators as follows:
In this way one can present the equations of motion for other X-operators X 1 4 , X 1 4 . . . X 3 2 similar to (29). Now we have: 
where ε pq = ε p − ε q . Using the similar procedure we can write the equations for the functions containing other operators in the right hand part. Finally, for the matrix Green's function: 
we can write the following equation:Ĝ
HereĜ 0 ↑ is the nonperturbed Green's function: 
where 
has the meaning of a scattering matrix. Being expressed in terms of irreducible Green's functions, it contains the scattering corrections of the second and higher order in powers of V . The separation inP ↑ of irreducible, with respect to V , parts enables us to obtain a mass operatorM ↑ [9]
In this case equation (39) can be transformed into Dyson equation:
with the solutionĜ
Different-time decoupling of irreducible Green's functions
To calculate the Green's functions entering the expressions for elements of matrixP ↑ , we shall use the method of different-time decoupling described in [12] . This procedure means in our case an independent averaging of products of X and ξ operators. As it was shown above, for Z 14 we have an expression (34) that can be written in the form
where in order to write the operators (X pq + X rs )ξ σ and X rs ξ σ one has to solve the equation (32) for α pq k coefficients. Let us now consider the parts of the function Z 14 |Z 41 separately.
The Green's function (X
. According to the spectral theorem
Due to the different-time decoupling and after taking the averages in these correlators in the zero-approximation
This leads to the result:
2. The Green's function (
Using this approximation we have:
In a similar way we calculate the Green's function X 12 ξ
Two near subbands in alloy analogy approximation
The scattering processes are taken here into account only via coherent potential. This corresponds to the neglect of averages X mn ξ σ [5, 9] and to the neglect of terms R 
The matrix of the mass operator in this case is: 
Respectively, the Green's function matrix as well as the mass operator matrix consist of two independent blocks:Ĝ
. Using equation (44) and formulae (52) we obtain the components of matricesĜ ↑ (14 . . . 4 1) and G ↑ (32 . . . 2 3). Substituting them into relation (26) we get the single-site Green's functionĜ (a) ↑ (ω) in the final form. In general, the obtained expression is rather complicated. Contributions from individual electron transitions with energies ε pq between initial single-site levels |p and |q depend on their position in the spectrum. The latter are sensitive to values of the h, Ω and U parameters and are also determined by averages A pq = X pp + X, where in the zero approximation X pp ∼ exp(−βε p ) (it means that at low temperatures only lower energy levels should be considered). The dependence of single-site electron levels on asymmetry field h at different values of the tunneling splitting parameter Ω is shown in figures 1,2. In this case only the levels with negative pseudospin projection ε 1 . . . ε 4 are important. Energies of electron transitions between the levels in figure 2 are shown in figure 3 . At certain values of the field h some pairs of electron transitions become close by their energy (respectively, there appear the near subbands in the resulting electron spectrum). At h ∼ 0 such is the case for pair of transitions 2 3 and 4 1; the chemical potential of electrons is placed in that region at concentrations near half-filling, n ∼ 1 [7] In this case very important is the parameter ∆ = ε 2 3 − ε 4 1 , which has the meaning of the effective on-site interaction energy of electrons (more precisely, the energy of the appearance of the "excess electron"-"hole" pair) in the presence of interaction with pseudospins [13] . At ∆ < 0 the transition energies change their relative position that corresponds to the effective attraction. In figure 4 a diagram is shown, where such a region is shown on the (Ω, U ) plane at different values of h. The subbands ( 1 4) and ( 3 2) are close and can overlap when ∆ W , where W is the half-width of the initial electron band (W < g, U ). It is the case which is considered further. ( 1 4) and ( 3 2) interplay with each other is as follows:
Ω
This is a particular case of equation (20) for two near subbands in alloy analogy approximation. Now, using property of the locality of Ξ σ (ω) function and equations (18) and (19), we can connect the Green's function G (a)
↑ (ω) and the coherent potential J ↑ (ω) as follows:
Excluding with the help of (54) the Green's function G ↑ (ω) for Bethe lattice with semi-elliptical density of states ρ 0 (t) = 2 πW 2 √ W 2 − t 2 , we have
We can also take into account that in the considered case:
and equation for the chemical potential has the form
where the averages of X-operators can be calculated using the spectral theorem for the corresponding components of Green's function (53). One can obtain the chemical potential and determine the edges of subbands as functions of the average electron concentration when the (56), (58) are solved. In the limit T → 0, (β → ∞) the chemical potential dependence on n is shown in figure 5 ; the case is considered when two near subbands 1 4 and 3 2 do not overlap. The possibility of two separate subbands existing or joining a single one (when a gap in spectrum disappears) depends on the model parameter values. Figure 6 shows the both examples. There exists the critical value U eff of the on-site interaction parameter at which the resulting density of states ρ(ω) changes its topology (the gap exists at U > U eff ). The dependencies U eff on the asymmetry field and the tunneling level splitting are shown in figures 7 and 8, respectively. We can also determine the critical value of the tunneling splitting parameter. As function of the asymmetry field h, it is shown in figure 9 at different values of U . The gap in the spectrum opens when Ω is less than the critical one.
Conclusions
The electron energy spectrum of the pseudospin-electron model allowing for interaction of the near energy subbands is considered. For this purpose the dynamical mean field method is applied. The effective single-site problem is solved within the auxiliary fermion field approach using the procedure of different-time decoupling of the higher order Green's functions; the alloy analogy approximation is used. A special case of two near subbands ( 1 4) and ( 3 2) is considered. It is realized at h ∼ 0 and is of interest when chemical potential of electrons is placed in this region (which takes place at occupying the near half-filling). Such a problem is similar to the standard Hubbard model but in our case the characteristic constants of the single-site spectrum and the electron transfer are functions of the original model parameters (field h, tunneling constant Ω, interaction constant g). Thus, the critical value U crit , at which a gap opens in the spectrum, depends on Ω and h. In the considered region of the model parameter values U crit increase at the increase of Ω and at the decrease of h in absolute value.
The obtained results show that in the real system, which exhibits a local anharmonicity of lattice vibrations, the metal-insulator transition, determined by the short-ranged electron correlation, is effected by that anharmonic subsystem. Changing the parameters of local anharmonicity (e.g, the shape of potential well), one can affect the conditions of the gap appearance. Such an effect can be related to the mechanisms of the external pressure effect on the above mentioned metal-insulator transition in the crystalline systems with the transition and rare-earth elements having an essential lattice anharmonicity. 
The Green's function X 34 ξ ↓ | ξ + ↓ X 43 ≡ I 4 (ω): ξ and this term takes into account a self-consistent renormalization of the single-site spectrum due to the internal dynamic fields formed by the magnon-like and electron pairs (holes) excitations as well as by pseudospin subsystem.
The last term R 
and this term is responsible for scattering processes. Terms of the R
14
(1)↑ (ω) and R
(2)↑ (ω) type are taken into consideration in different ways in various approximations. For example, in Hubbard-III approximation only the first of them is included [5, 9] . In this work we use the alloy analogy approximation; in this case terms (64, 65) are neglected (see [9] ).
